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We have used admittance spectroscopy and deep-level transient spectroscopy to characterize
electronic properties of Si/Si12x2yGexCy heterostructures. Band offsets measured by admittance
spectroscopy for compressively strained Si/Si12x2yGexCy heterojunctions indicate that
incorporation of C into Si12x2yGexCy lowers both the valence- and conduction-band edges
compared to those in Si12xGex by an average of 10766 meV/% C and 7566 meV/% C,
respectively. Combining these measurements indicates that the band alignment is type I for the
compositions we have studied, and that these results are consistent with previously reported results
on the energy band gap of Si12x2yGexCy and with measurements of conduction band offsets in
Si/Si12yCy heterojunctions. Several electron traps were observed using deep-level transient
spectroscopy on two n-type heterostructures. Despite the presence of a significant amount of
nonsubstitutional C ~0.29–1.6 at. %!, none of the peaks appear attributable to previously reported
interstitial C levels. Possible sources for these levels are discussed. © 1998 American Vacuum
Society. @S0734-211X~98!10003-3#I. INTRODUCTION
Research on Si/Si12xGex heterostructure materials and
devices has led to dramatic improvements in performance
and functionality of Si-based electronic and optoelectronic
devices. For example, Si/Si12xGex heterojunction bipolar
transistors have been fabricated with a power gain cutoff
frequency, f max , of 160 GHz1 and with a current gain cutoff
frequency, f t , of 113 GHz.2 Additionally, improvements in
both the transconductances and the mobilities in both
p-channel3 and n-channel4 heterojunction field-effect transis-
tors with Si12xGex based materials have been demonstrated.
However, the 4.18% lattice mismatch between Si and Ge
imposes significant restrictions on composition and layer
thickness in Si/Si12xGex heterostructures.
Recently, considerable progress has been made in the
growth and characterization of Si12x2yGexCy alloys,5–10
which offer considerably greater flexibility, compared to that
in the Si/Si12xGex material system, to control strain and
electronic properties in group IV heterostructures. In particu-
lar, the smaller C atom compensates for the compressive
strain present in Si12xGex , leading to the possibility of fab-
ricating group IV heterostructures lattice matched to Si
substrates.5–11 Recent measurements of the total energy band
gap for Si12x2yGexCy compressively strained to Si ~001!
indicate that incorporation of C into Si12x2yGexCy increases
the band gap by 21–26 meV/% C.12–15 Effective design, fab-
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ditionally requires the accurate measurement of the energy
band offsets in Si/Si12x2yGexCy heterojunctions. Moreover,
determining the effects of nonsubstitutional C on the elec-
tronic structure of these alloys is another key step to realiz-
ing these devices.
Although measuring energy band offsets presents many
challenges to the experimentalist, admittance spectroscopy
has been used successfully on several material systems in the
past.16–18 In this article we present admittance spectroscopy
measurements of valence- and conduction-band offsets, DEv
and DEc , respectively, in Si/Si12x2yGexCy heterostructures.
A detailed description of the technique can be found
elsewhere.19 Since many of the samples examined contain a
substantial fraction of nonsubstitutional C ~0.29–1.6 at. %!,
we also examined some of these samples using deep-level
transient spectroscopy20 in an effort to gain an understanding
of the influence of nonsubstitutional C on the electronic
structure of these alloys.
II. EXPERIMENT
Several multiple quantum well ~MQW! samples were
grown by solid-source molecular beam epitaxy ~MBE! on Si
~001! conducting substrates ~see Table I!. The epilayers con-
sisted of a 2000 Å Si buffer layer, followed by 150–250 Å of
Si12xGex or Si12x2yGexCy alternating with 350 Å Si for ten
periods with dopant concentrations of 7.431016 and 1
31017 cm23, respectively. Either p-type ~B-doped! or1639/163/1639/5/$15.00 ©1998 American Vacuum Society
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respectively, DEv and DEc . The heterostructures were
grown at 450 °C, with some capped by an additional 2000 Å
Si. Several samples were grown using Sb as a surfactant to
improve structural quality.21 In all cases the thickness of the
MQW structure was below the critical thickness for strain
relaxation.22 X-ray diffraction ~XRD!, ion channeling, and,
in some cases, transmission electron microscopy ~TEM!
were performed to confirm the high structural quality of the
samples. The Ge concentration was determined using Ruth-
erford backscattering, and the C concentration was then de-
termined by applying a strain compensation ratio for Ge:C of
9.44:1, which is given by a linear interpolation of lattice
constants between Si, Ge, and 3C-SiC, to the XRD patterns.
In addition, secondary ion mass spectroscopy was used to
determine the total C concentration.
Schottky barrier diodes required for the admittance mea-
surements were formed by deposition of Cr/Au circular con-
tacts 150–300 mm in diameter, followed by a mesa etch in a
CF4 /O2 plasma. A schematic energy band diagram for an
FIG. 1. ~a! Schematic energy band diagram for an n-type MQW heterostruc-
ture grown by MBE. ~b! Energy band diagram for a p-type SQW hetero-
structure grown by CVD.J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998n-type Si/Si12x2yGexCy MQW structure is shown in Fig.
1~a!. Al Ohmic contacts were then deposited on the back-
sides of the samples.
In addition, several Si/Si12x2yGexCy heterostructures
were grown by chemical vapor deposition ~CVD! in a single
wafer reactor on Si ~001! conducting substrates. These
samples consisted of a 500 Å p-type Si buffer layer, a 300 Å
p-type Si12x2yGexCy single quantum well ~SQW!, a 2000 Å
p-type Si spacer, and finally a 600 Å n-type Si cap @see the
energy band diagram in Fig. 1~b!#. All the layers had dopant
concentrations of approximately 131017 cm23, except the
cap which had a dopant concentration of 531018 cm23. Ex-
tensive characterization of previous growths provided an ac-
curate calibration of the Ge and C concentrations. Since a pn
junction is used to perform the admittance spectroscopy on
these samples, 300 mm diameter circular Al Ohmic contacts
were deposited on the top sides of these samples followed by
a mesa etch and an Al Ohmic backside contact.
III. RESULTS AND DISCUSSION
A. Admittance spectroscopy
We first examined several p-type Si/Si12xGex hetero-
structures to verify the validity of the measurement tech-
nique ~see samples MBE-1–3 in Table I!. Valence-band
~VB! offsets measured for these Si/Si12xGex were found to
be in excellent agreement with accepted values.23,24 Admit-
tance measurements were then performed on various
Si/Si12x2yGexCy heterostructures. Figure 2 shows the con-
ductance and capacitance measured as functions of tempera-
ture for various frequencies for sample CVD-1. Conductance
peaks and capacitance steps arising from temperature-
dependent thermionic emission from the quantum well are
clearly observed. The inset in Fig. 2 shows an Arrhenius plot
of f and Tm , from which an activation energy of 68
619 meV is obtained. The VB offset derived from this acti-
vation energy19 was found to be 88620 meV.
Similar measurements were performed on the other het-
erostructures, and a summary of the results can be seen in
Fig. 3 and Table I. As shown in Fig. 3, incorporation of C
into Si12x2yGexCy lowers both the conduction-band- and theTABLE I. Summary of results for Si/Si12xGex and Si/Si12x2yGexCy heterostructures analyzed.
Sample No. Type
Ge conc.
~at. %!
Subst. C
conc. ~at. %!
Total C
conc. ~at. %!
Sb
surf.?
Measured band
offset ~meV!
MBE-1 p 10.6% 0% N/A No DEn5108620
MBE-2 p 17.9% 0% N/A No DEn5160620
MBE-3 p 25.5% 0% N/A No DEn5198612
MBE-4 P 20.6% 0.44% 0.48% No DEn5118612
MBE-5 p 39.4% 1.14% ? Yes DEn5223620
MBE-6 n 16.9% 1.14% 2.80% Yes DEc5100615
MBE-7 n 23.4% 2.21% 3.62% Yes DEc5275623
MBE-8 n 9.3% 0.81% 1.10% Yes No peaks
MBE-9 n 29.3% 2.37% 4.21% Yes DEc5149621
CVD-1 p 30% 1.50% ? No DEn588620
CVD-2 p 25% 1.25% ? No DEn559617
CVD-3 p 25% 1.50% ? No DEn543611
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Si12xGex , while slightly increasing the total band gap. Com-
parisons of our measured Si/Si12x2yGexCy band offset val-
ues with reported results for the change in total energy band
gap, DEg , of 21–26 meV/% C ~substitutional C! for
Si12x2yGexCy compressively strained to Si ~001!12–15 indi-
cates that the band alignment for our samples is type I. Fur-
FIG. 2. Capacitance and conductance of a p-type Si/Si0.685Ge0.30C0.015 SQW
structure ~sample CVD-1! as functions of temperature for ~a! 400 kHz, ~b!
500 kHz, ~c! 600 kHz, ~d! 800 kHz, ~e! 1 MHz. Inset: Arrhenius plot of
frequency ( f ) and the peak temperature (Tm) at which the conductance
peak is observed.
FIG. 3. Summary of measured valence- and conduction-band-edge energies
measured as a function of lattice mismatch and equivalent Ge concentration
for Si12xGex ~open circles! and Si12x2yGexCy ~closed triangles!. The solid
lines represent interpolated band-edge energies for Si12xGex , while the dot-
ted lines indicate the effect of C incorporation into Si12x2yGexCy with fixed
Ge concentration.JVST B - Microelectronics and Nanometer Structuresthermore, these comparisons show that our band offset val-
ues are in quantitative agreement with reported values for
DEg over the range of compositions for which we have mea-
sured the band offsets. Combining our average change in
DEv , 10766 meV/% C, with our average change in DEc ,
7566 meV/% C, we obtain a value for the change in band
gap, DEg , of 3269 meV/% C ~for substitutional C!. One of
the samples, MBE-7, exhibits a significantly stronger depen-
dence of DEc on C concentration than do the others. This
sample, however, contains a large C concentration, 2.21
at. % substitutional and 3.63 at. % total, and this anomalous
dependence may arise partly from the presence of a particu-
larly high concentration of nonsubstitutional C.
We may extrapolate our measured band offsets to a wider
range of Ge and C composition using the model-solid ap-
proach described by Van de Walle.25 Using this approach,
which systematically incorporates both the compositional or
‘‘alloy’’ contribution and the strain effect on the band offset,
we have confirmed that our measured value of DEc is in
agreement with estimates of Si/Si12yCy conduction-band
offsets obtained from electrical and photoluminescence26
measurements. C – V measurements27 on Si/Si12yCy metal-
oxide-semiconductor field-effect transistor structures yielded
DEc540 meV for Si/Si0.996C0.004 and DEc570 meV for
Si/Si0.992C0.008. In comparison, our measurements would in-
dicate values of 52618 meV and 106622 meV, respec-
tively. Hall measurements28 on a Si/Si0.98C0.02 QW suggest a
lower bound on the CB offset of 150 meV; our results cor-
respond to a CB offset of 261614 meV.
B. Deep-level transient spectroscopy
Using the notation E(x) to denote an electron trap level at
energy Ec2x eV, C has been found to form several electron
traps in Si, including an interstitial Ci level at E(0.12)29 and
a Ci-Si pair at E(0.17).30 As shown in Table I, many of the
samples contain a significant fraction of C incorporated non-
substitutionally. Deep-level transient spectroscopy ~DLTS!
was performed on several of the samples to assess the impact
of this nonsubstitutional C on the electronic structure of
Si12x2yGexCy alloys. Interpretation of the spectra is compli-
cated by the presence of the quantum wells because, under
certain measurement conditions, one would expect emission
from the wells to display itself as a DLTS peak. For all of the
measurement conditions we have used, there were no DLTS
peaks at the activation energy corresponding to the peaks in
the admittance spectra, indicating that we are in fact observ-
ing deep-level traps. DLTS spectra from sample MBE-6 that
was obtained for V rev521 V, Vpulse520.1 V, a pulse width
of 1 ms, and various rate windows is shown in Fig. 4. We
observe three clear deep levels corresponding to electron
traps at E1~0.23160.020!, E2~0.33460.008!, and E3~0.405
60.012!. The largest of these peaks corresponds to a trap
concentration of approximately 231015 cm23. There also
appear to be several minor peaks within the spectrum, but
accurate activation energies could not be extracted. In
sample MBE-8, for which no peaks in the admittance spectra
1642 Stein et al.: Electronic properties of Si/Si12x2yGexCy 1642were observed, we observed a single DLTS peak that corre-
sponds to an electron trap at E4~0.35660.023!.
A large number of deep levels have been identified in Si
and Si12xGex by deliberately incorporating a known
impurity,31 by deliberately damaging the sample using
etching32 or radiation bombardment,33 or by combining
DLTS with other measurements, such as electron paramag-
netic resonance.34 Although additional measurements have
not been performed on these samples, we have identified in
the literature some possibilities for the sources of these traps.
For Si12xGex , previously reported measurements of the
compositional behavior of the trap energy levels suggest that
the energy levels are pinned to an absolute reference energy,
thereby displaying a shift in measured activation energy
equal in amount to the shift in the relevant band edge
energy.35,36 Therefore, we have used the model-solid ap-
proach to shift our measured levels by the expected value for
DEc , which is 107616 meV for MBE-6 and 72611 meV
for MBE-8. When this calculation is performed, we are left
with deep-levels at E1~0.33860.026!, E2~0.44160.018!, and
E3~0.51260.020! for sample MBE-6 and E4~0.42860.025!
for sample MBE-8. The traps E2 and E4 in the two samples
now appear to be due to the same defect level at 437
615 meV below the conduction-band edge of Si, a level that
is consistent with a Sb vacancy pair level previously ob-
served in Si12xGex .37 The E1 level may be due to an
oxygen-related defect38 or a dislocation kink site,35 and the
E3 level, which we have also observed in much lower den-
sities (,;531012 cm23) in similar Si/Si12xGex hetero-
structures, could be due to a Au-related defect39 or to an
unidentified midgap recombination-generation center.35
Interestingly, the shallow interstitial C levels mentioned
earlier are not observed at the expected temperatures ~below
100 K! to a sensitivity of ;231013 cm23 in samples MBE-6
and MBE-8, even though they contain, respectively, 1.7
at. % and at 0.4 at. % nonsubstitutional C. If the levels re-
main fixed with respect an absolute reference energy, then
we would not expect to observe them in the DLTS signal
because the conduction-band edge itself is close to or below
the E~0.12! and E~0.17! levels. It is possible in fact that the
FIG. 4. DLTS spectra for a Si/Si0.82Ge0.169C0.011 MQW structure ~sample
MBE-6! taken at V rev521.0 V, Vpulse520.1 V, a pulse width of 1 ms, and
rate windows of 20, 50, 80, 200, 400, and 1000 Hz for ~a!–~f!, respectively.J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998nonsubstitutional C contributes additional states above the
conduction-band edge of Si12x2yGexCy , thereby adding to
the density of states within the quantum wells.
IV. CONCLUSION
Admittance spectroscopy and deep-level transient spec-
troscopy have been performed to elucidate the electronic
structure of Si/Si12x2yGexCy heterostructures. Both the
conduction- and valence-band offsets have been extracted
from the admittance spectra, and both band-edge energies
were observed to decrease, compared to those of pure
Si12xGex , with increasing substitutional C incorporation in
Si12x2yGexCy . The resulting conduction-band offsets may
allow Si/Si12x2yGexCy or Si/Si12yCy heterojunctions to pro-
vide an attractive alternative to Si/Si12xGex grown on strain-
relaxed Si12xGex buffer layers for fabrication of n-type het-
erostructure devices. DLTS measurements have revealed the
presence of a number of deep electron traps in Si12x2yGexCy
alloys. Previously reported interstitial C levels were not ob-
served, despite the presence of a substantial fraction of non-
substitutional C. Work is currently in progress to further
characterize the effects of this nonsubstitutional C on the
electronic structure of these alloys.
ACKNOWLEDGMENTS
The authors would like to thank M. Robinson, J. E. Huff-
man, and R. Westhoff at Lawrence Semiconductor Research
Laboratory for growth of the CVD samples. The authors
would like to acknowledge support from DARPA MDA972-
95-3-0047 for work at UCSD, HRL, ASU, and LSRL and
from ONR Grant No. N00014-95-1-0996 for work at UCSD.
E.T.Y. would like to acknowledge receipt of a Sloan Re-
search Fellowship. B.L.S. and E.T.Y. would also like to
thank S. S. Lau for access to part of the equipment used in
this work.
1A. Schu¨ppen, U. Erben, A. Gruhle, H. Kibbel, H. Schumacher, and U.
Konig, Proceedings of International Electron Devices Meeting ~IEDM,
Washington, DC, 1995!, pp. 743–746.
2E. Crabbe, B. Meyerson, D. Harame, J. Stork, A. Megdanis, J. Cotte, J.
Chu, M. Gilbert, C. Stanis, J. Comfort, G. Patton, and S. Subbanna, IEEE
Trans. Electron Devices 40, 2100 ~1993!.
3E. Murakami, K. Nakagawa, A. Nishida, and M. Miyao, IEEE Trans.
Electron Devices 41, 857 ~1994!.
4M. Gluck, T. Hackbarth, U. Konig, A. Haas, G. Hock, and E. Kohn,
Electron. Lett. 33, 335 ~1997!.
5E. T. Croke, A. T. Hunter, P. O. Pettersson, C. C. Ahn, and T. C. McGill,
Thin Solid Films 294, 105 ~1996!.
6K. Eberl, S. S. Iyer, S. Zollner, J. C. Tsang, and F. K. LeGoues, Appl.
Phys. Lett. 60, 3033 ~1992!.
7P. Boucaud, C. Guedj, F. H. Julien, E. Finkman, S. Bodnar, and J. L.
Regolini, Thin Solid Films 278, 114 ~1996!.
8H. J. Osten, H. Ru¨cker, M. Methfessel, E. Bugiel, S. Ruminov, and G.
Lippert, J. Cryst. Growth 157, 405 ~1995!.
9J. Kolodzey, P. R. Berger, B. A. Orner, D. Hits, F. Chen, A. Khan, X.
Shao, M. M. Waite, S. Ismat Shah, C. P. Swann, and K. M. Unruh, J.
Cryst. Growth 157, 386 ~1995!.
10C. W. Liu, A. St. Amour, J. C. Sturm, Y. R. J. Lacroix, M. L. W.
Thewalt, C. W. Magee, and D. Eaglesham, J. Appl. Phys. 80, 3043
~1996!.
11R. A. Soref, J. Appl. Phys. 70, 2470 ~1991!.
1643 Stein et al.: Electronic properties of Si/Si12x2yGexCy 164312A. St. Amour, C. W. Liu, J. C. Sturm, Y. Lacroix, and M. L. W. Thewalt,
Appl. Phys. Lett. 67, 3915 ~1995!.
13L. D. Lanzerotti, A. St. Amour, C. W. Liu, J. C. Sturm, J. K. Watanabe,
and N. D. Theodore, IEEE Electron Device Lett. 17, 334 ~1996!.
14P. Boucaud, C. Francis, F. H. Julien, J.-M. Lourtioz, D. Bouchier, S.
Bodnar, B. Lambert, and J. L. Regolini, Appl. Phys. Lett. 64, 875 ~1994!.
15K. Brunner, W. Winter, and K. Eberl, Appl. Phys. Lett. 69, 1279 ~1996!.
16D. V. Lang, Heterojunction Band Discontinuities: Physics and Device
Applications, edited by F. Capasso and G. Margaritondo ~Elsevier, B. V.,
Amsterdam, 1987!, Chap. 9.
17K. Nauka, T. I. Kamins, J. E. Turner, C. A. King, J. L. Hoyt, and J. F.
Gibbons, Appl. Phys. Lett. 60, 195 ~1992!.
18S. R. Smith, F. Szmulowicz, and G. J. Brown, J. Appl. Phys. 75, 1010
~1994!.
19B. L. Stein, E. T. Yu, E. T. Croke, A. T. Hunter, T. Laursen, A. E. Bair,
J. W. Mayer, and C. C. Ahn, Appl. Phys. Lett. 70, 3413 ~1997!.
20D. V. Lang, J. Appl. Phys. 45, 3023 ~1974!.
21P. O. Petterson, C. C. Ahn, T. C. McGill, E. T. Croke, and A. T. Hunter,
Appl. Phys. Lett. 67, 2530 ~1995!.
22R. People and J. C. Bean, Appl. Phys. Lett. 47, 322 ~1985!.
23C. G. Van de Walle and R. M. Martin, Phys. Rev. B 34, 5621 ~1986!.
24E. T. Yu, J. O. McCaldin, and T. C. McGill, Solid State Phys. 46, 1
~1992!.
25C. G. Van de Walle, Phys. Rev. B 39, 1872 ~1989!.
26K. Brunner, K. Eberl, and W. Winter, Phys. Rev. Lett. 76, 303 ~1996!.
27J. L. Hoyt, T. O. Mitchell, K. Rim, D. Singh, and J. F. Gibbons, in
Proceedings of the 1997 Joint International Meeting of the Electrochemi-JVST B - Microelectronics and Nanometer Structurescal Society and the International Society of Electrochemistry, Paris, 31
August to 5 September 1997 ~unpublished!, p. 2860-1.
28W. Faschinger, S. Zerlauth, G. Bauer, and L. Palmetshofer, Appl. Phys.
Lett. 67, 3933 ~1995!.
29A. G. Litvinko, L. F. Makarenko, L. I. Murin, and V. D. Tkachev, Sov.
Phys. Semicond. 14, 455 ~1980!.
30L. W. Song, X. D. Zhan, B. W. Benson, and G. D. Watkins, Phys. Rev.
Lett. 60, 460 ~1988!.
31F. Nikolajsen, P. Kringhoj, and A. Nylandsted Larsen, Appl. Phys. Lett.
69, 1743 ~1996!.
32P. K. Swain, D. Misra, and P. E. Thompson, J. Appl. Phys. 79, 4402
~1996!.
33B. Schmidt, V. Eremin, A. Ivanov, N. Strokan, E. Verbitskaya, and Z. Li,
J. Appl. Phys. 76, 4072 ~1994!.
34H. Conzaelmann, K. Graff, and E. R. Weber, Appl. Phys. A: Solids Surf.
30, 169 ~1983!.
35P. N. Grillot, S. A. Ringel, and E. A. Fitzgerald, J. Electron. Mater. 25,
1028 ~1996!.
36E. V. Monakhov, A. Nylandsted Larsen, and P. Kringhoj, J. Appl. Phys.
81, 1180 ~1997!.
37P. Kringhoj and A. Nylandsted Larsen, Phys. Rev. B 52, 16 333 ~1995!.
38J. Garrido, E. Calleja, and J. Piqueras, Solid State Electron 24, 1121
~1981!.
39F. Nikolajsen, P. Kringhoj, and A. N. Larsen, Appl. Phys. Lett. 69, 1743
~1996!.
